Saving fossil energy and the widespread application of renewable energy have become important strategies of world government to maintain sustainable development of the society. With the rapid development of renewable energy (such as solar and wind energy) and the pushing forward of smart grid, large-scale and highefficiency energy storage technology is urgently needed to remove the random and intermittent natures of the renewable energy and increase the compatibility of the renewable energy to the grid. The vanadium redox flow battery (VRB) becomes one of the most promising technologies with advantages of long cycle life, high energy convention efficiency, flexible system design, deepdischarge capability and low cost. In this paper, current progress on the VRB technology and the work undertaken by DICP will be described in detail.
Introduction to Redox Flow Battery for Energy Storage
Demands for Energy Storage Technology [1] [2] [3] [4] [5] [6] The lack of fossil fuels and the environment pollution are two severe problems the world facing. The saving fossil energy action and widespread application of renewable energy have become important strategies of world government to maintain sustainable development of the society. Energy storage technologies have long been recognized to have significant potential to promote renewable energy (such as solar and wind etc.) and smart grid program. The use of energy storage for load leveling and peak shaving can improve the utilization of generation, transmission, and distribution assets, and can allow utilities to defer investment in additional capacity. Energy storage can also be of use in dynamic operation of the grid when renewable energy involved, providing frequency regulation and spinning reserve, increasing the compatibility of the renewable energy to the grid. The random and intermittent of the renewable energy, such as solar, wind and tide, lead to a lower quality of the electricity produced, even affect the stability of the grid. For example, once the contribution of wind power to the grid is over 10% of capacity, fluctuations in wind speed, which translate into fluctuations in the amount of electricity going into the grid, can become unmanageable. Employing energy storage equipment is an efficient way to solve these problems.
Kinds of energy storage methods are developed to maintain different requirements. The proper methods for large scale energy storage include technologies of pumped-hydro, compressed-air, lead-acid battery, sodium-sulphur battery and redox-flow battery.
Introduction to Vanadium Redox Flow Battery
Compared with other energy storage technologies, redox flow battery (RFB) has become one of the most promising technologies with advantages of high energy conversion efficiency, large storage capacity, free choices of site, deep charge and discharge capability, independent power and capacity design and low cost of maintenance [7] . These advantages make them particularly well-suited for relatively large-scale utility applications. For more than 20 years' research, there are several flow battery types, including Fe-Cr, zinc-chlorine, zinc-bromine (Zn-Br 2 ), polysulfide-bromide (PSB) and vanadium redox flow battery (VRB). VRB electrochemically stores/releases electricity by the valence change of the vanadium ions in the electrolytes that circulate through the anode and the cathode, separated by an ion exchange membrane. VRB has special advantages in design simplicity and ease operation because the same electrolyte is used for both the positive and the negative side, make VRB becoming the focus of R&D of RFB. It is well suited for a variety of applications, firming the intermittent renewable energy output power, peak shaving to the grid, effective power in the remote area, energy storage for electricity vehicle rapid charge station, back-up power for substation and telecommunication sites.
So far, there are some research organizations and corporations focusing on the R&D of VRB, including University of New South Wales (UNSW) and V-fuel Ltd. in Australia, Sumitomo Electrc (SEI) in Japan, Dalian Institute of Chemical Physics (DICP) and Rongke Power Co., Ltd. in China, Cellennium Co., Ltd. in Thailand. The demonstrated VRB system ranged from kW to MW of power and kWh to MWh of capacity, with the demonstrated fields in wind farm, solar power station, electric vehicle charge station, remote telecommunication station and peak shaving for grid.
R&D Activities of Vanadium Redox Flow Battery in DICP
Dalian Institute of Chemical Physics (DICP) of Chinese Academy of Sciences is one of the institutes initially researching and developing the redox flow battery technology in China. Our work concentrates on the research of key materials, cell module and system integration, and applying demonstration of VRB technology. Cell modules of 1.25 kW, 5 kW and 10 kW have been developed successively since 2000. Simultaneously, 5kW, 10kW and 100kW VRB systems were integrated with these modules. Recently, 20kW class cell module has been developed successfully with rated energy efficiency of 80%, which was expected to promote the breakthrough of meg-watt class VRB technology of China.
Investigation of Key Materials of VRB
Electrolyte, electrode, bipolar plate and ion exchange membrane are the key materials of VRB. Challenges to VRB commercialization mainly include low energy density, permeation of vanadium ions and water through the membrane, low current density and high cost, which are mostly determined by the materials.
Electrolyte, with active species in it, determines the VRB's energy storage capacity as well as the stability of VRB. The low stability and poor solubility of the electrolyte will lead to the capacity degradation and lower specific mass power. Ion exchange membrane , 28 (22) 1-5 (2010) is used to prevent cross mixing of the positive and negative electrolytes, while still allowing the transport of ions to complete the circuit during the passage of current. The low ion selectivity of the membrane which induces the undesired transport of vanadium ions and water across the membrane during the charge-discharge processes of VRB has become a big problem to the VRB's stability. Electrode, generally using carbon felt, is where the electrical reaction occurs. Bipolar plate, which is usually made from carbon material, is responsible for the current collecting and conducting. The activation polarization loss from the poor activity of electrode and ohmic polarization loss from the low conductivity of the bipolar plate will lead to the decrease of the VRB performance. Aiming to solve the above problems limiting the VRB practicability, the R&D of materials used in VRB is focused by DICP and rapid progress has been made.
ECS Transactions
Electrolyte. By investigation the transfer behavior of water and vanadium ions across Nafion 115 membrane in charge-discharge process at different initial SOC and temperature, the mechanism of electrolyte unbalance and the factors causing the instability of the electrolyte are found and corresponding controlling method is taken to produce qualified electrolyte. Now, an electrolyte production line is under construction with yield of 300 MWh/year by DICP and Bolong New Material Co.
Ion Exchange Membrane. A modified Nafion membrane employing a polyethylenimine (PEI) to form a cationic charged layer on the surface of Nafion 117 (DuPont) membrane to prevent the permeation of vanadium ions is presented by DICP. The result indicates that the crossover of vanadium ions across the membrane was dramatically decreased from 36.55×10 -7 cm/min to 5.23×10 -7 cm/min. As a result, the columbic efficiency for the VRB single cell based on modified Nafion membrane is increased significantly to 96.2%, which is higher than that obtained with the VRB single cell based on unmodified Nafion membrane (around 93.8%). Such modified Nafion membrane will benefit to the VRB system stability though no increase in overall energy efficiency due to its a little higher area resistance. Moreover, a novel non-fluorine membrane material is under development. With the obvious advantages of lower cost and excellent vanadium ions blocking capacity, such non-fluorine membrane is believed to be a most suitable potential membrane for use with the VRB. Bipolar Plate. A carbon/plastic composite bipolar plate was developed with thickness of 1 mm, bulk resistance lower than 0.17 Ω·cm and corrosion resistance lower than 0.7 μA·cm -2 . This composite plate shows similar properties with commercial graphite plates, while the cost is almost 1/20 of the graphite plates. Currently, the produced plates have been widely used in the stacks for demonstration.
VRB System Integration and Demonstration by DICP Experiment for Life Testing. A 2 kW VRB system integrated for life testing has been operating almost 7000 cycles (over 1070 days) without any degradation in energy conversion efficiency from July 6, 2007 until June 16, 2010. It indicates that the developed VRB system has excellent durability and reliability. System Integration Technology. A 100 kW/200 kWh VRB system has been integrated and tested for use in the power system at National Grid since Sep. 2008. An energy efficiency of more than 75％, at an average output power of 100 kW, for this 100 , 28 (22) 1-5 (2010) kW class VRB stack was obtained. This 100kW class VRB system is composed of ten cell modules of 10kW. The cell modules made by DICP, each containing 40 cells, are roughly cubic in form, each measuring about 800 mm by 600 mm by 800 mm. By connecting these cell modules in different mode, such as two strings of five cell modules each or ten cell modules in series, the influence of shunt current loss is examined. It is found that the shunt current loss is decreased with the reduction of cells in series, and as a result the columbic efficiency is increased. Figure 1 . A 100kW class VRB system developed by DICP Nowadays, using 50 cells in series, a cell module of 20 kW was developed with energy efficiency about 80%, which would be the basic unit of a mega-watt class VRB system. Application Demonstration. In July, 2009, an off-grid joint power supplying system of photovoltaic electricity and 5kW/50kWh VRB has been successfully installed in Tibet, China. Dec. 2009, cooperated with Rongke Power Inc., DICP carried out a demonstration program on Rongke's office building. A PV-VRB joint power system with power of 60 kW and storage capacity of 300 kWh is installed to light the office building. The photograph of the VRB system and the electric connection of the joint power system are shown in Fig.2 . , 28 (22) 1-5 (2010) unbalance of the vanadium ions and water between the anode and cathode electrolytes, low operation current density and high cost. To meet the requirement of VRB practicability (low cost, high performance), the following research should be concentrated on (i) electrolytes with high stability, high concentration and low cost, (ii) membranes with high conductivity, stability, selectivity and low cost, and (iii) electrode and bipolar plate with high activity and electric conductivity, high stability and low cost. In addition, system integration and scale-up technology to build mega-watt level energy storage systems would be another important issue. DICP and Rongke Power are seeking to promote VRB demonstration programs and further develop its commercialization.

